Abstract-We consider a two-way relay network (TWRN) where one relay simultaneously harvest radio frequency (RF) energy emitted from both source nodes and forward the message for both sources. We proposed a recursive algorithm to design the precoding at the relay, including a phase rotating factor to combine the receive signal coherently, the precodin matrix and power splitting factors to maximize the achievable sumrate. Simulation results show that the proposed scheme is able to improve the throughput of the TWRN.
I. INTRODUCTION
Due to rapid development of mobile communications, radiofrequency signals are surrounded in our environment. Besides conveying information, the ambient radio-frequency signal has gradually been utilized for energy harvesting. Radio Frequency energy harvesting [1] , [2] begins from the fact that people gradually rely on mobile applications, such as communication apps., picturing software, and games, in their daily life. However, these applications are energy consuming. Although these devices can be charged through portable power bank, the energy stored in the power bank is still limited, which leads to inconvenience when the power bank is in outage. To provide further convenience, RF energy harvesting has been developed to avoid mobile devices suffering power outage by gathering energy from from the ambient radio frequency signals and transferring into electricity. Furthermore, simultaneously processing information and harvesting energy from the RF signal has been studied extensively in recent years [?] In this thesis, we will employ this technique in two-way amplifyand-forward relay system [3] , [4] , where two users exchange information under assistance of an energy-harvesting relay node. Specifically speaking, transmission power of the relay node depends on the electrical energy harvested in previous phase [5] - [7] .
We assume that the relay node is equipped with two antennas, while the users are equipped with a single antenna. With perfect channel information, the relay node can coherently combines the signals received at two antennas, so that the relay node is able to gather more energy. In this work, we proposed a joint design of a precoding matrix and powerslitting ratios for the relay node to maximize the sum-rate of two users under a constraint that the transmission power of the relay node cannot exceed the harvested energy. However, this optimization problem is neither convex nor concave, and it cant be solved by CVX tool. Thus, we divide the problem into two sub-problems to approach a locally-optimal solution of the precoding matrix and power-splitting ratios in an iterative manner. Specifically, we employ gradient algorithm to obtain power-splitting ratios with initial value obtained by exhaustively searching over a rough grid. Then, the beamforming matrix is obtained using power iteration algorithm. After several iterations, two subproblems get converged and we can find the set of suboptimal solutions. It shows through simulation results that the proposed scheme can effectively improve the spectrum efficiency of the system. II. SYSTEM MODEL Consider a two-way relay network where two source nodes U 1 and U 2 exchange their message under the assistance of a relay, as illustrated in Fig.xx . Assume that the source nodes are equipped with one antenna, the relay has 2 antennas and all terminals are half-duplex. The relay terminal The relay harvests energy from the RF signals transmitted by two source nodes, and utilizes the harvested energy to forward source messages. The two-way relay transmission is accomplished in two phases, namely, multiple-access phase and broadcasting phase.
During the multiple access phase, two source nodes transmit signals simultaneously. Under the assumption of perfect synchronization, the signal received at the relay can be expressed by
where x i is the source signal sent by the source U i with unit energy, P i is the transmission power of the source U i , h i ∈ C 2×1 is the channel vector between the U i and the relay, and n r ∼ CN (0, σ 2 n I 2 ) is the white Gaussian noise at the receiver. It is assumed that the channel follows reciprocity and the channel information is perfectly known at the relay. In this work, we employ power splitting strategy at the relay to split the received signal into two parts: one for data processing and the other for energy harvesting. The block diagram at the relay node is shown in Fig.2 Specifically, let y r,e be the signals split for energy harvesting, which can be expressed by y r,e = Λ e y r +ñ r,e ,
where
, λ n is the power-splitting factor at the n-th antenna of the relay (n = 0, 1), andñ r,e is the thermal noise. To provide higher energy gain, the entries in y r,e are linearly combined after properly rotating their phases. Without loss of generality, denote q = [1, e jθ ] T be a phaserotating vector and θ is the rotated phase for the second entry of y r,e . Neglecting the effect of Gaussian noise, the energy harvested at the relay equals to
where η is the energy transition coefficient with 0 < η < 1, and T is the signal duration. The rotated phases shall be chosen to maximize the harvested energy, which will be optimized in the next section.
On the other hand, the signals split for information forwarding can be expressed by
is the thermal noise in the circuit,ñ r = Λ r n r +ñ r,i is the effective white noise with distribution CN (0,σ 2 n I). In this work, we consider two-way AF relaying strategy. Specifically, the relay will forward a linearly-precoded signal x r = By r,i during the broadcasting phase, where B is the beamforming matrix satisfying the transmission power constraint
During the broadcasting phase, signal received at the UE-1 is given by
is the white Gaussian noise at the EU-1. In (6), the second term is the signal desired at the UE-1, the first term is the self-interference. Since the UE-1 has the information of its own signal x 1 and perfect channel knowledge, the self-interference can be perfectly eliminated, and the received signal after eliminating the self-interference can be written bỹ Similarly, the signal received at the UE-2 after eliminating the self-interference is given bỹ
The signal-to-noise ratios (SNR) of the received signals in (7) and (8) are given by
III. HIGH THROUGHPUT PRECODING DESIGN
In this system, we would like to design the precoding system at the relay node, such that the overall throughput is maximized. Specifically, the optimization problem can be formulated as follows. 
However, the joint optimization problem is intractable. Hence, we perform recursive algorithm to approach the optimal solution by partitioning the optimization into three sub-problems: 1) Optimization of θ given power splitting factors and precoder B. 2) Optimization of B given power splitting factors and the optimal θ. 3) Optimization of power splitting factors given the optimal θ and B.
A. Optimization of the Phase Rotating Factor
From the problem formulation in (11), the phase rotating factor is simply related to the constraint of the harvested energy and irrelevant to the precoding matrix B. The optimal phase factor to maximize the overall throughput is then equivalent to maximize the harvesting energy. Given the power splitting factors (λ 1 , λ 2 ), the subproblem can be formulated by
The optimal solution of θ depends on the channel coefficients as well as the power splitting factors. To facilitate the optimization, denote the channel coefficient as
Thus, the objective function J 1 (θ|Λ e ) can be rewritten by
where c 0 , c 1 and c 2 are constant given by
It can be verified that J 1 (θ|Λ e ) is concave in θ if the phase θ satisfy the conditions
In this case, the optimal solution of θ opt can be found by solving the equality
The optimal phase factor can be found by line search and, in accordance with the Law of sine, the maximal value of the objective function is then given by
B. Optimization of Precoding Matrix
After obtaining the optimal phase rotating factor that maximize the harvested energy, we will optimize the precoding matrix for the given power splitting factors. The optimization problem can be expressed by
where P r,Λ = η r · J 1 (θ opt |Λ e ). When the SNR is sufficiently large, the objective function in (16) can be reduced to
where the values of SNR 1 and SNR 1 are given in (9) and (10). The mathematical equations in (9) and (10) can be simplified by using the relationship vec(ABC) = (C T ⊗ A)vec(B), where ⊗ denotes the Kronecker product. The objective function can be rewritten by
) is an Hermitian symmetric matrix. Similarly, the power constraint in (16) can be written as
It can be verified that the optimal solution of b satisfies the equality of the power allocation. Hence, the optimization problem can be rewritten by
Pr,Λ (R yr ⊗I 2 ). However, the objective function is neither convex nor concave. To find a local solution, we take the first derivative on the objective function. Then, we have
In this work, we employ recursive algorithm to approach the optimal solution. Let b n be the solution obtained in the n-th iteration, and
During the (n +1)-th iteration, the precoding vector b n+1 can be updated by solving the following generalized eigenvalue decomposition
The optimal solution of b n+1 is the eigenvector of Q −1 n V n with corresponding eigenvalue being unity and should be normalized to meet the power constraint. The recursive algorithm can be terminated after converging criteria is met.
C. Optimization of Power Splitting Factors
In this section, we will exploit the optimal solutions obtained in the aforementioned optimizations in (13) and (20) to search the optimal power splitting factors. Let J 3 (λ 0 , λ 1 ) = J 2 (b opt |Λ e ), and the optimization problem can be expressed by max 0<λ0,λ1<1
Because there is no analytical solution for the b opt , it is difficult to derive the optimal power splitting factors. To find the optimal power splitting factors, it may require twodimensional exhaustive search, which requires large complexity. With this regard, we look for the sub-optimal solution for a given precoder and phase rotating factors. That is, the suboptimal power splitting factors can be found as follows. where the authcorrealtion of the received signal y r,i is given by
To maximize the achievable rate, the value of power splitting factor shall be as smaller as possible. Hence, the optimal solution of (λ 0 , λ 1 ) shall lie on the lower boundary of the feasible set. To search the suboptimal solution, we adopt the gradient method described below and demonstrated in Fig.3. 1) Randomly generate M feasible solutions λ
2) For each feasible solution, update it using the gradient method until the updated solution reaches the boundary:
3) Choose the optimal one among the feasible solution which converges at the boundary:
IV. COMPUTER SIMULATIONS
To demonstrate the proposed algorithm, we consider the two-way relay system where the noise variance is normalized to one. The transmission power at each source node is assumed 20dB, and all channel coefficients are i.i.d. complex Gaussian distributed with CN (0, 1). Figure 4 demonstrates the feasible set of the power splitting factors given a precoding matrix and phase rotating factor. It shows that the power splitting factors achieve higher throughput on the boundary of the feasible set. Hence, the proposed gradient algorithm is then able to converged on the lower boundary. In Fig.5 , we compare the sum rate of the proposed optimal solution with the scheme that has power splitting factors λ 0 = λ 1 = 0.5 and the proposed precoder, and the case with the aforementioned power splitting factors and precoding matrix B = I. Given the power splitting factors λ 0 = λ 1 = 0.5, the case with the proposed precoder significantly improve the achievable sumrate. When the power splitting factor is further optimized, it shows that the achievable sum-rate can be further raised. In this work, we consider a two-way relay network where the relay is capable to harvest RF energy for signal forwarding. We propose an iterative algorithm to obtain the suboptimal solution of the phase rotating factor, precoding matrix and the power splitting factors to maximize the achievable sum-rate of the two-way relay system. The simulation results also verify our statements.
